The principles that guide large-scale cortical reorganization remain unclear. In the blind, several visual regions preserve their task specificity; ventral visual areas, for example, become engaged in auditory and tactile object-recognition tasks. It remains open whether task-specific reorganization is unique to the visual cortex or, alternatively, whether this kind of plasticity is a general principle applying to other cortical areas. Auditory areas can become recruited for visual and tactile input in the deaf. Although nonhuman data suggest that this reorganization might be task specific, human evidence has been lacking. Here we enrolled 15 deaf and 15 hearing adults into an functional MRI experiment during which they discriminated between temporally complex sequences of stimuli (rhythms). Both deaf and hearing subjects performed the task visually, in the central visual field. In addition, hearing subjects performed the same task in the auditory modality. We found that the visual task robustly activated the auditory cortex in deaf subjects, peaking in the posterior-lateral part of high-level auditory areas. This activation pattern was strikingly similar to the pattern found in hearing subjects performing the auditory version of the task. Although performing the visual task in deaf subjects induced an increase in functional connectivity between the auditory cortex and the dorsal visual cortex, no such effect was found in hearing subjects. We conclude that in deaf humans the high-level auditory cortex switches its input modality from sound to vision but preserves its task-specific activation pattern independent of input modality. Task-specific reorganization thus might be a general principle that guides cortical plasticity in the brain.
cross-modal plasticity | perception | auditory cortex | sensory deprivation | fMRI I t is well established that the brain is capable of large-scale reorganization following sensory deprivation, injury, or intensive training (1) (2) (3) (4) (5) (6) (7) (8) . What remain unclear are the organizational principles that guide this process. In the blind, high-level visual regions preserve their task specificity despite being recruited for different sensory input (9, 10) . For example, the blind person's ventral visual stream responds to tactile and auditory object recognition (11, 12) , tactile and auditory reading (13, 14) , and auditory perception of body shapes (15) . Similarly, the blind person's dorsal visual stream is activated by tactile and auditory space perception (16) as well as by auditory motion perception (17) . This division of labor in blind persons corresponds to the typical task specificity of visual areas in sighted persons. It remains open, however, whether task-specific reorganization is unique to the visual cortex or, alternatively, whether this kind of plasticity is a general principle applying to other cortical areas as well.
Several areas in the auditory cortex are known to be recruited for visual and tactile input in the deaf (18) (19) (20) (21) (22) . However, the only clear case of task-specific reorganization of the auditory cortex has been demonstrated in deaf cats. Particularly, Lomber et al. (20) showed that distinct auditory regions support peripheral visual localization and visual motion detection in deaf cats, and that the same auditory regions support auditory localization and motion detection in hearing cats. Following their line of work, using cooling-loop cortex deactivation, Meredith et al. (21) demonstrated that a specific auditory region, the auditory field of the anterior ectosylvian sulcus, is critical for visual orientation in deaf cats and for auditory orientation in hearing cats. In deaf cats, recruitment of the auditory cortex for visual orientation was spatially specific, because deactivation of the primary auditory cortex did not produce deficits in this visual function.
In deaf humans, the auditory cortex is known to be recruited for peripheral visual perception and simple tactile processing (23) (24) (25) (26) (27) (28) (29) . However, the task specificity of this reorganization remains to be demonstrated, because no perceptual study directly compared cross-modal activations in deaf humans with the typical organization of the auditory cortex for auditory processing in hearing persons. Finding an instance of task-specific recruitment in the human auditory cortex would provide evidence that taskspecific reorganization is a general principle in the brain. Here we enrolled deaf and hearing subjects into an fMRI experiment during which they were asked to discriminate between two rhythms, i.e., two temporally complex sequences of stimuli (Fig.  1A) . Both deaf and hearing subjects performed the task visually, in the central visual field (Fig. 1B) . Hearing subjects also performed the same task in the auditory modality (Fig. 1B) .
Significance
What principles govern large-scale reorganization of the brain? In the blind, several visual regions preserve their task specificity but switch to tactile or auditory input. It remains open whether this type of reorganization is unique to the visual cortex or is a general mechanism in the brain. Here we asked deaf and hearing adults to discriminate between temporally complex sequences of stimuli during an fMRI experiment. We show that the same auditory regions were activated when deaf subjects performed the visual version of the task and when hearing subjects performed the auditory version of the task. Thus, switching sensory input while preserving the task specificity of recruited areas might be a general principle that guides cortical reorganization in the brain.
In hearing individuals, rhythm processing is performed mostly in the auditory domain (30) (31) (32) . If task-specific reorganization applies to the human auditory cortex, visual rhythms should recruit the auditory cortex in deaf persons. Moreover, the auditory areas activated by visual rhythm processing in the deaf should also be particularly engaged in auditory rhythm processing in hearing persons. Confirming these predictions would constitute a clear demonstration of task-specific reorganization of the human auditory cortex.
Finally, dynamic visual stimuli are known to be processed in the dorsal visual stream (33) . Thus, our last prediction was that visual rhythm processing in the deaf should induce increased functional connectivity between the dorsal visual stream and the auditory cortex. Such a result would further confirm that the auditory cortex in the deaf is indeed involved in this visual function.
Results
Behavioral Results. Fifteen congenitally deaf adults and 15 hearing adults participated in the visual part of the experiment. Eleven of the 15 originally recruited hearing subjects participated in the auditory part of the experiment; the four remaining subjects refused to undergo an fMRI scan for a second time. All subjects were right-handed, and the groups were matched for sex, age, and education level (all P > 0.25). Deaf subjects were interviewed before the experiment to obtain detailed characteristics of their deafness, language experience, and their use of hearing aids (Methods, Subjects and Table S1 ).
Subjects were presented with pairs of rhythmic sequences composed of a similar number of short (50-ms) and long (200-ms) duration flashes/beeps, separated by 50-to 150-ms blank intervals (Methods, fMRI Experiment and Fig. 1A ). To equalize subject performance levels, we used an adaptive staircase procedure before the fMRI scan in which the length of visual and auditory rhythms presented in the fMRI part (i.e., the number of visual flashes or auditory beeps presented in each sequence in the experimental task) (Fig. 1A) was adjusted (Methods, Adaptive Staircase Procedure and Fig. 1 B and C) . The average length of visual rhythms established by the adaptive procedure was 7.07 flashes presented in each sequence for deaf subjects (SD = 1.23) and 7.2 flashes presented in each sequence for sighted subjects (SD = 1.42). The accuracy of performance during the fMRI experiment, with individual lengths of sequences in the experimental task applied, was 64.4% (SD = 12.1%) and 62.2% (SD = 15.3%) for these two groups, respectively (both are above chance level, P < 0.01). Neither of these two measures differed significantly between the deaf and the hearing groups (all P > 0.25) (Fig. 1C) .
The length of the auditory rhythm sequences established by the adaptive procedure for hearing subjects (mean = 12.09, SD = 2.95) was significantly higher than the length of the visual rhythm sequences established either for the same subjects [t (10) = 6.62, P < 0.001] or for deaf subjects [t (24) = 5.33, P < 0.001]. During the fMRI experiment, these longer auditory rhythm sequences led to similar performance for auditory rhythms (mean = 69.3%, SD = 12.5%) and visual rhythms presented in hearing subjects [(t (10) = 0.60, P > 0.25]. The performance of the hearing subjects for auditory rhythms also was similar to the performance of the deaf subjects for visual rhythms [t (24) = 0.99, P > 0.25]. Thus, as expected (30) (31) (32) , auditory rhythms were easier for hearing subjects than visual rhythms, resulting in a significantly higher average length of sequences obtained in the staircase procedure. During the fMRI experiment, however, the accuracy of performance did not differ significantly between subject The sequences presented in each pair either were identical or the second sequence was a permutation of the first. The subjects were asked to judge whether two sequences in the pair were the same or different. The difficulty of the experimental task (i.e., the number of flashes/beeps presented in each sequence and the pace of presentation) was adjusted individually, before the fMRI experiment, using an adaptive staircase procedure. In the control task, the same flashes/beeps were presented at a constant pace (50-ms stimuli separated by 150-ms blank intervals), and subjects were asked to watch/listen to them passively. (B) Outline of the study. Deaf and hearing subjects participated in the study. Both groups performed the tasks visually, in the central visual field. Hearing subjects also performed the tasks in the auditory modality. Before the fMRI experiment, an adaptive staircase procedure was applied. (C) Behavioral results. (Left) Output of the adaptive staircase procedure (average length of sequences to be presented in the experimental task in the fMRI) for both subject groups and sensory modalities. (Right) Performance in the fMRI (the accuracy of the same/different decision in the experimental task). Thresholds: ***P < 0.001. Error bars represent SEM. groups or sensory modalities (Fig. 1C) , showing that the staircase procedure was effective in controlling subjects' performance in the fMRI and that between-group and between-modality differences in neural activity cannot be explained by different levels of behavioral performance.
fMRI Results. We started by comparing the activations induced by visual rhythms (Fig. 1A) relative to visual control (simple visual flashes with a constant interval) (Fig. 1A) in both subject groups. In the deaf subjects, this contrast revealed a bilateral activation in the superior and the middle temporal gyri, including the auditory cortex (right hemisphere: peak MNI = 51,−40, 8, t = 6.41; left hemisphere: peak MNI = −57, −49, 8; t = 5.64) (Fig. 2A) . The activation in the auditory cortex was constrained mostly to posterior-lateral, high-level auditory areas [the posterior-lateral part of area Te 3 (34) ]. It overlapped only marginally with the primary auditory cortex [areas Te 1.0, Te 1.1, and Te 1.2 (35); see Methods, fMRI Data Analysis for a description of how these areas were localized]. Additional activations were also found in frontal and parietal regions ( Fig. 2A and Table S2 ). In the hearing subjects, we found similar frontal and parietal activations but no effects in the auditory cortex ( Fig. 2B and Table S2 ).
To test directly for activations specific to deaf subjects only, we performed a whole-brain interaction analysis between the task and the subjects' group (visual rhythms vs. visual control × deaf subjects vs. hearing subjects). In line with previous comparisons, we observed a significant, bilateral effect in the auditory cortex (right hemisphere: peak MNI = 63, −16, −2, t = 5.41; left hemisphere: peak MNI = −63, −13, −6, t = 4.08) (Fig. 2C and The results of independent ROI analyses. ROIs were defined in the high-level auditory cortex (E) and the primary auditory cortex (F) based on an anatomical atlas. The analysis confirmed that visual rhythms enhanced activity in the high-level auditory cortex of deaf subjects, whereas no effect was found in the hearing subjects. Significant interaction between the task and the group also was found in the primary auditory cortex. However, this effect was driven mainly by significant deactivation of this region for visual rhythms in hearing subjects. Thresholds: (A-C) P < 0.005 voxelwise and P < 0.05 clusterwise. (D) Each single-subject activation map was assigned a threshold of P < 0.05 voxelwise and P < 0.05 clusterwise. Only overlaps that are equal to or greater than 53% of all deaf subjects are presented. (E and F) *P < 0.05; **P < 0.01; ***P < 0.001. Dashed lines denote interactions. Error bars represent SEM. Table S2 ). This result confirms that visual rhythms induced significant auditory cortex activations only in deaf subjects.
Because the outcomes of deprivation-driven plasticity might differ in subjects with various causes of deafness and levels of auditory experience, we tested for within-group consistency in activations for visual rhythms in the deaf. To this end, we overlapped single-subject activation maps for visual rhythms vs. visual control contrast for all deaf subjects (Methods, fMRI Data Analysis and Fig. 2D ). In the right high-level auditory cortex, these activations overlapped in 80% of all deaf subjects. In the left high-level auditory cortex, the consistency of activations for visual rhythms was lower (found in 60% of all deaf subjects), in line with reports showing that cross-modal responses in the deaf are generally right-lateralized (25, 26, 36) . A similar but slightly more symmetric overlap was found for auditory activations in hearing subjects (right high-level auditory cortex, 82% of all hearing subjects; left high-level auditory cortex, 73%) (Fig. S1 ). These results show that cross-modal activations for visual rhythms in the deaf are as robust as the typical activations for auditory rhythms in the hearing. Single-subject activation maps for all deaf subjects are shown in Fig. S2 .
In deaf cats, cross-modal activations are spatially specific: They are found in high-level auditory areas and usually do not extend to the primary auditory cortex (20, 21, 37) . To test directly if this specificity is shown in our data, we applied anatomically guided region-of-interest (ROI) analysis of the highlevel auditory cortex (area Te 3) and the primary auditory cortex (the combined areas Te 1.0, Te 1.1, and Te 1.2) (Methods, fMRI Data Analysis) (34, 35, 38) . This analysis confirmed that visual rhythms induced significant activity in the high-level auditory cortex in deaf subjects (visual rhythms vs. visual control in deaf subjects, right hemisphere: P = 0.019; left hemisphere: P = 0.019) (Fig. 2E ) and that this effect was specific to the deaf group [visual rhythms vs. visual control × deaf subjects vs. hearing subjects, right hemisphere: F(1, 27) = 9.66, P = 0.004; left hemisphere: F(1, 27) = 5.45, P = 0.027] (Fig. 2E) .
In the primary auditory cortex, we also found a significant interaction effect between task and subject group [visual rhythms vs. visual control × deaf subjects vs. hearing subjects, right hemisphere: F(1, 27) = 5.15, P = 0.032; left hemisphere: F(1, 27) = 10.178, P = 0.004] (Fig. 2F ). However, this interaction was driven mostly by a significant deactivation of this region for visual rhythms in the hearing (visual rhythms vs. visual control in hearing subjects, right hemisphere: P < 0.001; left hemisphere: P = 0.001) (Fig. 2F) . In nondeprived subjects, such deactivations are commonly found in primary sensory cortices of one modality Brain regions that were activated both by visual rhythms relative to regular visual stimulation in deaf subjects and auditory rhythms relative to regular auditory stimulation in hearing subjects (conjunction analysis). (C) Peaks of activation for visual and auditory rhythms in the auditory cortex. Peaks for visual rhythms relative to regular visual stimulation in deaf subjects are illustrated in red. Peaks for auditory rhythms relative to regular auditory stimulation in hearing subjects are depicted in blue. The high-level auditory cortex is illustrated in gray, based on an anatomical atlas. The peaks are visualized as 6-mm spheres. Note the consistency of localization of peaks, even though deaf and hearing subjects performed the task in different sensory modalities. (D) The results of an ROI analysis in which activations in the auditory cortex induced by visual rhythms and auditory rhythms were used as independent localizers for each other. ROIs for comparisons between visual tasks were defined based on activation in the auditory cortex induced by auditory rhythms relative to regular auditory stimulation in hearing subjects. ROIs for comparison between auditory tasks were defined based on visual rhythms vs. regular visual stimulation contrast in deaf subjects. Dotted lines denote interactions. Error bars represent SEM. Thresholds: (A and B) P < 0.005 voxelwise and P < 0.05 clusterwise. (D) *P < 0.05; **P < 0.01; ***P < 0.001.
while another sensory modality is stimulated (e.g., ref. 39). We did not observe a significant increase in the activation of the primary auditory cortex for visual rhythms in deaf subjects (visual rhythms vs. visual control in deaf subjects, right hemisphere: P > 0.25; left hemisphere: P = 0.212) (Fig. 2F) . The ROI analysis thus confirmed that visual rhythms presented in the central visual field activated the high-level auditory cortex in deaf subjects but not in hearing subjects. In the deaf subjects, this cross-modal activation did not extend to the primary auditory cortex.
We then asked whether the same auditory areas, independently of sensory modality, are recruited for rhythms in the deaf and the hearing. To this aim, we compared activations induced by visual rhythms in the deaf with activations induced by auditory rhythms in the hearing (Methods, fMRI Data Analysis and Fig. 3 ). Relative to the auditory control, auditory rhythms in hearing subjects activated the superior and middle temporal gyri, including the auditory cortex (right hemisphere: peak MNI = 66, −34, 12, t = 4.78; left hemisphere: peak MNI = −57, −43, 23, t = 4.94) (Fig. 3A) , as well as frontal and parietal regions (Fig. 3A and Table S3 ). The activation in the auditory cortex was constrained mostly to posterior-lateral, high-level auditory areas. Thus, the activation pattern observed in hearing subjects for auditory rhythms was similar to the activations observed in deaf subjects for visual rhythms ( Fig.  2A) . Next, we used a conjunction analysis (logical AND) (40) to test statistically for regions activated by both visual rhythms in deaf subjects and auditory rhythms in hearing subjects (visual rhythms vs. visual control in deaf subjects AND auditory rhythms vs. auditory control in hearing subjects). The analysis confirmed that activation patterns induced by visual rhythms in the deaf and auditory rhythms in the hearing subjects largely overlapped, despite differences in sensory modality ( Fig. 3B and Table S3 ). In line with previous analyses, statistically significant overlap also was found in the auditory cortex (right hemisphere: peak MNI = 63, −25, −2, t = 4.27; left hemisphere: peak MNI = −63, −28 1, t = 3.94), confirming that visual rhythms and auditory rhythms recruited the same auditory areas.
To follow the task-specific hypothesis further, we asked whether activation for visual rhythms and auditory rhythms peaked in the same auditory region. To this aim, in both subject groups we plotted peaks of activation for rhythms within the auditory cortex (deaf subjects: visual rhythms vs. visual control contrast; hearing subjects: auditory rhythms vs. auditory control contrast). In both hemispheres, we found a close overlap in the localization of these peaks in deaf and hearing subjects (∼1-voxel distance from peak to peak), despite the different sensory modality in which the task was performed (Fig. 3C) . Activations for both visual rhythms in the deaf and auditory rhythms in the hearing subjects peaked in the posterior and lateral part of the high-level auditory cortex.
To confirm the spatial consistency of activations induced by visual rhythms in the deaf subjects and auditory rhythms in the hearing subjects, we performed a functionally guided ROI analysis in the auditory cortex (Methods, fMRI Data Analysis) (Fig. 3D) . In this analysis we used activation for visual rhythms in deaf subjects and activation for auditory rhythms in hearing subjects as independent localizers for each other. Our prediction was that the auditory areas most recruited for rhythm perception in one sensory modality would also be significantly activated by the same task performed in the other modality. In line with this prediction, in ROIs based on auditory rhythms in hearing subjects, we found a bilateral increase in activation for visual rhythms, relative to visual control, in deaf subjects (right hemisphere: P < 0.001; left hemisphere: P = 0.01) (Fig. 3D) . The task × group interaction analysis confirmed that this effect was specific only to deaf subjects [visual rhythms vs. visual control × deaf subjects vs. hearing subjects, right hemisphere: F(1, 27) = 17.32, P < 0.001; left hemisphere: F(1, 27) = 13.34, P = 0.001] (Fig. 3D) . Similarly, in ROIs defined based on visual rhythms in deaf subjects, we found increased activation for auditory rhythms, relative to auditory control, in hearing subjects (right hemisphere: P = 0.004; left hemisphere: P = 0.049) (Fig. 3D) . In summary, this ROI analysis confirmed that in the auditory cortex the activation patterns for visual rhythms in deaf subjects and auditory rhythms in hearing subjects matched each other closely.
Dynamic visual stimuli are known to be processed in the dorsal visual stream (33) . If the auditory cortex in deaf subjects indeed supports visual rhythm processing, one could expect that the connectivity between the dorsal visual stream and the auditory cortex would increase. Thus, in the last analysis, we investigated whether communication between the dorsal visual cortex and the high-level auditory cortex increases when the deaf subjects perform visual rhythm discrimination. To this aim, we measured task-related changes in functional connectivity with a psychophysiological interaction (PPI) analysis (Methods, fMRI Data Analysis). In line with our prediction, when deaf subjects performed visual rhythms, we observed a strengthened functional coupling between the high-level auditory cortex and the dorsal visual stream, namely the V5/MT cortex (Table S4 ). To determine whether this effect was specific to the deaf subjects, we compared task-related changes in functional connectivity between deaf and hearing subjects [(visual rhythms vs. visual control in deaf subjects) vs. (visual rhythms vs. visual control in hearing subjects + auditory rhythms vs. auditory control in hearing subjects)] (Fig. 4A) . In this comparison also we observed a significant, bilateral effect in the V5/MT cortex ( Fig. 4A and Table S4 ), confirming that functional coupling between the V5/MT cortex and the high-level auditory cortex increased only when deaf subjects performed visual rhythms. This finding was tested further in the ROI analysis based on anatomical masks of V5/MT cortex (Methods, fMRI Data Analysis and Fig. 4B ). The ROI analysis confirmed that functional connectivity between the high-level auditory cortex and the V5/MT cortex increased when deaf subjects performed visual rhythms (one-sample t tests, all P < 0.05) (Fig. 4B ) and that this increase was specific only to deaf subjects (F-tests for the main effects of the group, all P < 0.05; Bonferronicorrected t tests, all P < 0.05; in addition, two trends are reported, at Bonferroni-corrected significance level of P < 0.1) (Fig. 4B) . This result confirms that, indeed, in deaf subjects the auditory cortex takes over visual rhythm processing.
Discussion
In our study, we found that in deaf subjects the auditory cortex was activated when subjects discriminated between temporally complex visual stimuli (visual rhythms) presented in the central visual field. The same auditory areas were activated when hearing subjects performed the task in the auditory modality (auditory rhythms). In both sensory modalities, activation for rhythms peaked in the posterior and lateral part of high-level auditory cortex. In deaf subjects, the task induced a strengthened functional coupling between the auditory cortex and area V5/MT, known for processing dynamic visual stimuli. No such effect was detected in hearing subjects.
Neural plasticity was traditionally thought to be constrained by the brain's sensory boundaries, so that the visual cortex processes visual stimuli and responds to visual training, the tactile cortex processes tactile stimuli and responds to tactile training, and so on. In contrast to this view, a growing number of studies show instances of large-scale reorganization that overcomes these sensory divisions. This phenomenon is particularly prominent in sensory deprivation. The visual cortex becomes recruited for tactile and auditory perception in the blind (1, 2, 6, 8, 13, 16, 17, (41) (42) (43) , and the auditory cortex becomes recruited for tactile and visual perception in the deaf (20-23, 26-29, 44) . Such large-scale reorganization is also possible after intensive training in nondeprived subjects (5, 12, (45) (46) (47) (48) (49) . In particular, the ventral visual cortex was shown to be critical for learning tactile braille reading in sighted adults (5) , suggesting that such plasticity could be the mechanism underlying complex learning without sensory deprivation.
Although the notion of large-scale reorganization of the brain is well established, the organizational principles governing this process remain unclear. It is known that several areas in the visual cortex preserve their task specificity despite being recruited for different sensory input (9, 10) . In blind persons, for example, the ventral visual stream responds to tactile and auditory object recognition (11, 12) , tactile and auditory reading (13, 14) , and auditory perception of body shapes (15) , whereas the dorsal visual stream is activated by auditory motion perception (17) and auditory/tactile spatial processing (16) . Cases of task-specific, sensory-independent reorganization of the visual cortex were also shown in nondeprived subjects (5, 12, 47, 49) . It is still open, however, whether task-specific plasticity is unique to the visual cortex or applies to other cortical areas as well.
In our study, exactly the same auditory areas were recruited for visual rhythms in the deaf subjects and for auditory rhythms in the hearing subjects. This finding directly confirms the prediction of the task-specific reorganization hypothesis that cross-modal activations in the auditory cortex of deaf humans should match the task-related organization of this region for auditory processing in the hearing. Our study therefore goes beyond the visual cortex and shows that task-specific, sensory-independent reorganization also can occur in the auditory cortex of deaf humans.
So far, the only clear case of task-specific reorganization beyond the visual cortex was demonstrated in the auditory cortex of deaf cats. Meredith et al. (21) , in particular, showed that the same auditory area is critical for visual orienting in deaf cats and for auditory orienting in hearing cats. Our study constitutes a clear report of task-specific reorganization in a third system-the human auditory system. Some notable previous studies have hinted at the possibility of task-specific reorganization in the human auditory cortex. Cardin et al. (50) , for example, scanned two groups of deaf subjects with different language experience (proficient users of sign language and nonsigners) while they Fig. 4 . Functional connectivity between the auditory cortex and the V5/MT cortex was strengthened when deaf subjects performed visual rhythm discrimination. (A) Visual regions showing increased functional coupling with the high-level auditory cortex during visual rhythm processing relative to visual control in deaf subjects vs. no effect in hearing subjects (PPI analysis, between-group comparison). The analyses for the left and the right auditory cortex were performed separately. The seed regions (depicted in green) were defined based on an anatomical atlas. LH, left hemisphere. (B) The results of an ROI analysis, based on V5/MT anatomical masks. Thresholds: (A) P < 0.001 voxelwise and P < 0.05 clusterwise. The analysis was masked with the visual cortex anatomical mask. (B) t, trend level, P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001. Error bars represent SEM.
watched sign language. The authors showed that auditory deprivation and language experience affect distinct parts of the auditory cortex, suggesting a degree of task specialization in the auditory cortex of deaf humans. Furthermore, Karns et al. (27) demonstrated a significant overlap in the activations for peripheral visual stimuli and peripheral tactile stimuli in the deaf auditory cortex. However, none of these studies has demonstrated that cross-modal activations in the auditory cortex of deaf humans match the typical division of labor for auditory processing in hearing persons. Studies on sign language have shown that sign language in the deaf and spoken language in the hearing induce similar patterns of activation in the auditory cortex (51) (52) (53) . In these studies, however, it is hard to dissociate the cross-modal, perceptual component of activations induced by sign language from top-down, semantic influences. In our study, we used the same, nonsemantic task in both groups of subjects and rigorously controlled for between-group and between-modality differences in behavioral performance. By these means, we were able to gather clear-cut evidence for task-specific reorganization in the human auditory cortex. Our findings show that preserving the functional role of recruited areas while switching their sensory input is a general principle, valid in many species and cortical regions.
In line with the task-specific reorganization hypothesis, our results show that specific auditory regions in deaf persons are particularly engaged in visual rhythm processing. First, visual rhythms did not activate the primary auditory cortex (Fig. 2F) . Second, activation for this task in deaf subjects was constrained mostly to the posterior and lateral part of high-level auditory cortex ( Fig. 2A) , and the same auditory areas were activated by auditory rhythm processing in hearing subjects (Fig. 3 A-C) . Several studies show that the posterior part of the high-level auditory cortex is involved in processing temporally complex sounds (54, 55) , including music (56). This region is considered a part of postero-dorsal auditory stream involved in spatial and temporal processing of sounds (57) . Our results are congruent with these reports. In addition, our data show that, like the highlevel visual areas, the posterior part of the high-level auditory cortex can process complex, temporal information independently of sensory modality.
It is well established that the auditory cortex becomes engaged in peripheral visual processing in the deaf (20, 24) , and a number of experiments have demonstrated activations of this region for peripheral visual localization or peripheral motion detection tasks (25) (26) (27) 29) . These peripheral visual functions are enhanced in deaf people (58) (59) (60) (61) (62) and deaf cats (20) . In contrast, examples of the deaf auditory cortex involvement in central visual perception are scarce and are constrained to high-level processing, namely sign language comprehension (50) (51) (52) (53) 63) . In the case of simple, nonsemantic tasks, only one study has shown that motion detection in the central visual field can induce activations in the auditory cortex of deaf subjects (36) . At the same time, several experiments found no behavioral enhancements for central visual stimuli either in deaf people (58, 59) or in deaf cats (20) . In our experiment, visual rhythms recruited the auditory cortex in deaf subjects even though the task was presented in the foveal visual field (Fig. 2) . Although rhythmic, temporally complex patterns can be coded in various sensory modalities (e.g, see refs. 32 and 64), such stimuli are processed most efficiently in the auditory domain (30-32) (also see Results, Behavioral Results and Fig. 1C) . These results show that even central visual perception can be supported by the deaf person's auditory cortex as long as the visual function performed matches the typical, functional repertoire of this region in hearing persons.
The connectivity that supports large-scale reorganization of the brain remains to be described. It was proposed that such a change might be supported either by the formation of new neural connections or by the "unmasking" of cross-modal input in the existing pathways (2) . In line with the latter hypothesis, recent studies, using injections of retrograde tracers, show that the connectivity of the auditory cortex in deaf cats is essentially the same as in hearing animals (65) (66) (67) . This finding suggests that in cats the large-scale reorganization of the brain uses pathways that are formed during typical development. Several studies show that the same might hold true in humans. Instances of cross-modal reorganization of the human visual cortex were reported in nondeprived, sighted subjects after only several days or hours of training (46, 47, 49, 68) . Because such a period is perhaps too short for new pathways to be established, the existing connectivity between sensory cortices must have been used in these cases. One particular pathway that was altered in our deaf subjects, relative to hearing subjects, is the pathway linking high-level auditory cortex with the V5/MT area in the dorsal visual stream (Fig. 4) . The latter region is known to support motion processing, irrespective of the sensory modality of input (17, 69, 70) . Cross-modal activations of the V5/MT area by both moving and static auditory stimuli were previously observed in blind persons (17, (71) (72) (73) . Increased activation of this region relative to hearing subjects was also observed in deaf subjects during their perception of peripheral visual motion (74) , a function that is known to be supported by the auditory cortex in the deaf (25, 26, 36) . Our results concur with these studies and suggest that the V5/MT area might support increased, generalpurpose communication between the visual and auditory cortices in blindness or deafness.
Finally, our results contribute to a recent debate about the extent to which sensory cortices preserve their large-scale organization in congenitally deprived subjects. In the congenitally blind, the large-scale division of the visual cortex into the dorsal stream and the ventral stream was shown to be comparable to that in nondeprived subjects (75) . A preserved topographic organization was found even in the primary visual cortex of blind people (76) . Results from the auditory cortex are less conclusive. In deaf cats, the localization of several auditory areas is shifted, suggesting significant topographic plasticity in deafness (77) . On the other hand, a recent resting-state human functional connectivity study suggests that the large-scale topography of auditory cortex in deaf humans is virtually the same as in those who hear (78) . Our study complements the latter result and shows preserved functional specialization in the auditory cortex of congenitally deaf humans. These findings suggest that the largescale organization of human sensory cortices is robust and develops even without sensory experience in a given modality. Of course, one cannot exclude the possibility that some shifts occur in the organization of sensory cortices in sensory-deprived humans. Indeed, one can speculate that prolonged sensory deprivation could lead to the expansion of sensory areas subserving supramodal tasks (i.e., tasks that can be performed in many sensory modalities, for example object recognition) and to the shrinkage of areas involved in tasks that are largely specific to one sense (for example, color or pitch perception).
In conclusion, we demonstrate that the auditory cortex preserves its task specificity in deaf humans despite switching to a different sensory modality. Task-specific, sensory-independent reorganization (10) is well documented in the visual cortex, and our study directly confirms that similar rules might guide plasticity in the human auditory cortex. Our results suggest that switching the sensory but not the functional role of recruited areas might be a general principle that guides large-scale reorganization of the brain.
Methods
Subjects. Fifteen congenitally deaf adults (10 females, mean age ± SD = 27.6 ± 4.51 y, average length of education ± SD = 13.5 ± 2.1 y) and 15 hearing adults (10 females, mean age ± SD = 26.2 ± 6.09 y, average length of education ± SD = 13.7 ± 2.0 y) participated in the visual part of the experiment. Eleven of 15 the originally recruited hearing subjects participated in the auditory part of the experiment (eight females, mean age ± SD = 26.5 ± 5.4 y, average length of education ± SD = 14 ± 2.04 y); the four remaining subjects refused to undergo fMRI scan for a second time. The deaf and the hearing subjects were matched for sex, age, and years of education (all P > 0.25). All subjects were righthanded, had normal or corrected-to-normal vision, and no neurological deficits. Hearing subjects had no known hearing deficits and reported normal comprehension of speech in everyday situations, which was confirmed in interactions with experimenters even in the context of noise from the MRI system. In deaf subjects, the mean hearing loss, as determined by a standard pure-tone audiometry procedure, was 98 dB for the left ear (range, 70-120 dB) and 103 dB for the right ear (range, 60-120 dB). The causes of deafness were either genetic (hereditary deafness) or pregnancy-related (i.e., maternal disease or drug side effects). All deaf subjects reported being deaf from birth. The majority of them had used hearing aids in the past or used them at the time of testing. However, the subjects' speech comprehension with a hearing aid varied from poor to very good (Table S1 ). All deaf subjects were proficient in Polish Sign Language (PJM) at the time of the experiment. Detailed characteristics of each deaf subject can be found in Table S1 .
The research described in this article was approved by the Committee for Research Ethics of the Institute of Psychology of the Jagiellonian University. Informed consent was obtained from each participant in accord with bestpractice guidelines for MRI research.
fMRI Experiment. The experimental task (rhythm discrimination) (Fig. 1A) was adapted from Saenz and Koch (32) . Deaf subjects performed the task in the visual modality, and hearing subjects performed the task in both visual and auditory modalities (Fig. 1B) . In the visual version of the task (visual rhythms), subjects were presented with small, bright, flashing circles shown on a dark gray background (diameter: 3°; mean display luminance: 68 cd/m 2 ). The flashes were presented foveally on a 32-inch LCD monitor (60-Hz refresh rate). During fMRI subjects viewed the monitor via a mirror. In the auditory version of the task (auditory rhythms), tonal beeps (360 Hz, ∼60 dB) were delivered binaurally to subjects via MRI-compatible headphones.
Subjects were presented with pairs of sequences that were composed of a similar number of flashes/beeps of short (50-ms) and long (200-ms) duration, separated by 50-to 150-ms intervals (see the adaptive staircase procedure described below). The sequences presented in each pair either were identical (e.g., short-long-short-long-short-long) or the second sequence was permutation of the first (e.g., short-long-short-long-short-long vs. short-short-longlong-long-short). The second sequence was presented 2 s after the offset of first sequence. The subjects were asked to judge whether two sequences in a pair were the same or different and to indicate their choice by pressing one of two response buttons (the left button for identical sequences, and the right button for different sequences). The responses were given after each pair, within 2 s of the end of presentation, and this time window was indicated by a question mark displayed on the center of the screen. In the control condition (Fig. 1A) , the same flashes/beeps were presented at a constant pace (50 ms separated by 150-ms blank intervals), and subjects were asked to watch/listen to them passively. The stimuli presentation and data collection were controlled using Presentation software (Neurobehavioral Systems).
Subjects were presented with seven experimental blocks and three control blocks. Each experimental block was composed of three pairs of sequences. The total duration of each block was 28 s. Blocks were separated by 8-, 10-, or 12-s rest periods. For hearing subjects, the visual and auditory parts of the experiment were performed in separate runs. In both sensory modalities, subjects were instructed to keep their eyes open and to stare at the center of the screen.
Adaptive Staircase Procedure. To make sure that different levels of behavioral performance do not induce between-group and between-modality differences in neural activity, an adaptive staircase procedure was applied before the fMRI experiment (Fig. 1B) . In this procedure, the difficulty of the upcoming fMRI task was matched to an individual subject's performance.
Deaf subjects performed the staircase procedure for the visual modality, and hearing subjects performed it for both the visual and the auditory modalities. The procedure was performed in front of a computer screen (60-Hz refresh rate). Visual stimuli were presented foveally. Their luminance and size was identical to those used in the fMRI experiment. Auditory stimuli were presented with the same parameters as in the fMRI experiment, using headphones. Responses were recorded using a computer mouse (the left button for identical sequences and the right button for different sequences).
Subjects began an experimental task (i.e., visual/auditory rhythm discrimination) with sequences of six flashes/ beeps. The length of the sequences and the pace of presentation were then adjusted to the individual subject's performance. After a correct answer, the length of a sequence increased by one item; after an incorrect answer the length of a sequence decreased by two items. The lower limit of sequence length was six flashes/beeps, and the upper limit was 17. The pace of presentation was manipulated accordingly by increasing or decreasing the duration of blank intervals between flashes/ beeps (six to eight flashes/beeps in the sequence: 150 ms; 9-11 flashes/beeps in the sequence: 100 ms; 12 flashes/beeps in the sequence: 80 ms; 13-17 flashes/beeps in the sequence: 50 ms). This staircase procedure ended after six reversals between correct and incorrect answers. The average length of sequences at these six reversal points was used to set individual length and pace of sequences presented in the fMRI experiment.
Sequences presented in both the staircase adaptive procedure and the fMRI experiment were randomly generated, separately for each subject and sensory modality. It is highly unlikely that exactly the same pairs of sequences were presented twice to any one subject. Thus, no priming effects were expected in our data. The hearing subjects performed all experimental procedures twice (i.e., in the visual modality and the auditory modality), and some between-modality learning effects cannot be fully excluded. However, the amount of training received by the subjects in each sensory modality was relatively small (i.e., 20-30 trials in the training and the staircase procedure; 21 trials in the fMRI experiment). It is unlikely that such an amount of practice would account for very pronounced between-modality differences in behavioral performance or significantly altered brain activity in the hearing subjects.
Outline of the Experimental Session. At the beginning of the experimental session, each deaf subject was interviewed, and detailed characteristics of his/ her deafness, language experience, and the use of hearing aids were obtained (Table S1 ). The subjects were familiarized with the tasks and completed a short training session. Then, the adaptive staircase procedure was performed. Deaf subjects performed the staircase procedure visually, and the hearing subjects performed it in the visual modality and then in the auditory modality. After the end of the staircase procedure, subjects were familiarized with the fMRI environment, and short training was performed inside the fMRI scanner. Finally, the actual fMRI experiment was performed, with individual length of the sequences applied, as determined by the staircase procedure. In the hearing subjects, the visual version of the experiment was followed by the auditory version of the experiment, performed after short break.
fMRI Data Acquisition. Data were acquired on the Siemens MAGNETOM Tim Trio 3T scanner using a 32-channel head coil. We used a gradient-echo planar imaging (EPI) sequence sensitive to blood oxygen level-dependent (BOLD) contrast [33 contiguous axial slices, phase encoding direction, posterioranterior, 3.6-mm thickness, repetition time (TR) = 2,190 ms, angle = 90°, echo time (TE) = 30 ms, base resolution = 64, phase resolution = 200, matrix = 64 × 64, no integrated parallel imaging techniques (iPAT)]. For anatomical reference and spatial normalization, T1-weighted images were acquired using a magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence (176 slices; field of view = 256; TR = 2,530 ms; TE = 3.32 ms; voxel size = 1 × 1 × 1 mm).
Behavioral Data Analysis. Behavioral data analysis was performed using SPSS 22 (SPSS Inc.). Two dependent variables were analyzed. The first variable was the output of the adaptive staircase procedure, i.e., the number of visual flashes/auditory beeps presented in each sequence in each experimental trial in the fMRI experiment ( Fig. 1C, Left; shorter sequences are easier, and longer sequences are more difficult). The second variable was the subject's performance in the fMRI experiment, i.e., the number of correct same/different decisions (Fig. 1C, Right) . In both cases, three comparisons were made: (i) visual rhythms in deaf subjects vs. visual rhythms in hearing subjects; (ii) visual rhythms in the deaf subjects vs. auditory rhythms in the hearing subjects; and (iii) visual rhythms in the hearing subjects vs. auditory rhythms in the hearing subjects. The first two comparisons were made using twosample t tests. The third comparison was made using a paired t test. Bonferroni correction was applied to account for multiple comparisons.
Our task was designed for accuracy-level measurements and is not suitable for reaction time analysis. In particular, our adaptive staircase procedure was designed to obtain task performance in the 60-70% range. At this performance level, potential differences in reaction time, even if detectable, would be very problematic to interpret.
fMRI Data Analysis. The fMRI data were analyzed using SPM 8 software (www. fil.ion.ucl.ac.uk/spm/software/spm8/). Data preprocessing included (i) slice acquisition time correction; (ii) realignment of all EPI images to the first image; (iii) coregistration of the anatomical image to the mean EPI image; (iv) segmentation of the coregistered anatomical image (using the new segment SPM 8 option); (v) normalization of all images to MNI space; and (vi) spatial smoothing (5 mm FWHM). The signal time course for each subject was modeled within a general linear model (79) derived by convolving a canonical hemodynamic response function with the time series of the experimental stimulus categories (experimental task, control task, response period) and six estimated movement parameters as regressors. For hearing subjects, separate models were created for the visual and auditory versions of the task. Individual contrast images then were computed for each experimental stimulus category vs. the rest period. These images were subsequently entered into an ANOVA model for random-effect group analysis. Two group models were created, one to compare activations induced by the visual version of the task in deaf and hearing subjects and the second to compare activations induced by the visual version of the task in deaf subjects and the auditory version of the task in hearing subjects. In all contrasts, we applied a voxelwise threshold of P < 0.005, corrected for multiple comparisons across the whole brain using Monte Carlo simulation, as implemented in the REST toolbox (80) . A probabilistic cytoarchitectonic atlas of the human brain, as implemented in the SPM Anatomy toolbox (38) , was used to support the precise localization of the observed effects. The atlas contains masks of area Te 3, which corresponds to human high-level auditory cortex (34) , and areas Te 1.0, Te 1.1, and Te 1.2, which correspond to the primarylike, core auditory areas (35, 81, 82) .
Two maps representing the consistency of activations across single subjects were created: One represents the overlap in activations for visual rhythms vs. visual control in deaf subjects (Fig. 2D) , and the second represents the overlap in activations for auditory rhythms vs. auditory control in hearing subjects (Fig. S1) . In both cases, single-subject activation maps were assigned a statistical threshold of P = 0.05, corrected for multiple comparisons across the whole brain using Monte Carlo simulation. These maps then were binarized (i.e., each voxel that survived the threshold was assigned a value of 1, and all other voxels were assigned a value of 0) and added to each other. Finally, the resulting images were divided by the number of subjects in the respective groups (i.e., 15 in the case of visual rhythms in the deaf subjects and 11 in the case of auditory rhythms in the hearing). Thus, for each voxel in the brain, the final maps represent the proportion of subjects who exhibited activation.
Two ROI analyses were performed. In the first analysis, probabilistic cytoarchitectonic maps of the auditory cortex were used, as implemented in the Anatomy SPM toolbox (38) . Two ROIs were tested in each hemisphere: the primary auditory cortex [the combined Te 1.0, Te 1.1, and Te 1.2 masks (35)] and the high-level auditory cortex [the Te 3 mask (34)]. We did not use an external auditory localizer for ROI definition in the hearing group (83) because such a method is not feasible in the case of deaf subjects. Application of different methods of ROI definition in the deaf and the hearing groups would lead to a bias in between-group comparisons. In the second, functionally guided ROI analysis, visual and auditory versions of the task were used as localizers independent of each other. First, the 50 most significant voxels were extracted from auditory rhythms vs. auditory control contrast in hearing subjects, masked with the auditory cortex mask (the primary auditory cortex and the high-level auditory cortex masks combined; see above). These voxels then were used as an ROI for comparisons between visual stimulus categories in deaf and hearing subjects. Subsequently, the same procedure was applied to extract the 50 most significant voxels from the visual rhythms vs. visual control contrast in deaf subjects. These voxels then were used as an ROI for comparisons between auditory stimulus categories in hearing subjects. In both ROI analyses, all statistical tests were corrected for multiple comparisons using Bonferroni correction.
Finally, the PPI analysis was used to investigate task-specific changes in functional connectivity between the auditory cortex and the visual cortex (84, 85) . In all subjects, we investigated changes in functional connectivity of the auditory cortex when they performed visual rhythms, relative to visual control. Additionally, changes in functional connectivity of the auditory cortex during auditory rhythms, relative to auditory control, were tested in hearing subjects. Because visual rhythms were expected to enhance different activation patterns in deaf and hearing subjects, defining individual seeds might have resulted in including different functional regions in the PPI analysis in deaf and hearing subjects, leading to a biased between-group comparison. Therefore, the same, anatomically defined mask of the highlevel auditory cortex (34) was used as a seed region in all subjects and in both sensory modalities. The general linear model was created for each subject including time series of following regressors: (i) a vector coding whether the subject performed the experimental or control task (the psychological regressor) convolved with canonical hemodynamic response function; (ii) signal time course from the seed region (the physiological regressor); (iii) the interaction term of the two former regressors (the psychophysiological interaction regressor); and (iv) six estimated movement parameters. Thus, psychophysiological interaction regressor in this model explained only the variance above that explained by main effect of the task or simple physiological correlation (85) . One-sample t tests were used to compute individual contrast images for the psychophysiological interaction regressor, and these images were subsequently entered into a random-effect group analysis.
The aim of the PPI analysis was to search for increases in functional connectivity between the dorsal visual stream and the auditory cortex during visual rhythm processing in deaf subjects. Thus, the group analysis was masked with the broad visual cortex mask (V1, V2, V3, V4, and V5/MT bilateral masks combined, as implemented in the Anatomy SPM toolbox) (86) (87) (88) (89) and thresholded at P < 0.001 voxelwise, corrected for multiple comparisons across this mask using Monte Carlo simulation. Several studies show that the deaf have a superior ability to detect visual motion, raising the possibility that in deafness the V5/MT cortex is preferentially connected with the auditory cortex (20, 59, 60) . Thus, the V5/MT anatomical mask (89) was used as an ROI in which we compared PPI parameter estimates for each subject's group and each sensory modality. All statistical tests were corrected for multiple comparisons using Bonferroni correction.
